Percutaneous coronary intervention (PCI) for coronary artery chronic total occlusion (CTO) is an important treatment to be used in conjunction with non-CTO PCI, coronary artery bypass grafting, and optimal medical therapy to achieve complete revascularization in patients with coronary artery disease.
I
n patients with stable coronary artery disease (CAD), the cornerstone of treatment is medical management to control symptoms such as angina and dyspnea on exertion. But in a select group of patients, percutaneous coronary intervention (PCI) is indicated in addition to medical management. Invasive and noninvasive hemodynamic assessments of coronary artery stenosis in conjunction with anatomic considerations play a role in decision-making and in advising patients on revascularization vs medical management. However, in the case of coronary artery chronic total occlusion (CTO), the decision-making process remains challenging due to limited evidence supporting clinical effi cacy of CTO PCI, as well as practical considerations including lower success rates and higher complication rates in comparison with patentvessel PCI.
■ CLINICAL VIGNETTE
A 42-year-old man, an avid runner with hyperlipidemia and a strong family history of premature CAD, presents with several months of declining exercise tolerance. His physical examination and electrocardiogram are unremarkable. Myocardial perfusion imaging shows stress-induced ischemia affecting about 20% of the inferolateral myocardium. He is then referred for coronary angiography.
Confi dence in the appropriate treatment strategy is highly dependent on potential angiographic fi ndings. All 3 of the following coronary angiograms could explain our patient's clinical presentation (Figure 1 
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Treatment based on angiographic fi ndings
In panel A, there is little to debate. The patient is likely to benefi t from percutaneous revascularization of the right coronary artery to treat symptoms. In panels B1 and B2, there is abundant evidence that the hemodynamic assessment of stenosis is superior to a visual estimate in directing PCI.
1,2 Hemodynamic assessments including fractional fl ow reserve (FFR) inform the risk-benefi t analysis of percutaneous vs medical treatment of coronary stenosis. In the case of FFR, 0.8 represents an infl ection point. The lower FFR values are below 0.8, the greater the benefi t of PCI as opposed to medical therapy. Conversely, the greater FFR values are above 0.8, the greater the benefi t of medical therapy as opposed to PCI.
However, in panel C, there is signifi cant variability in the data supporting the best treatment strategy for symptomatic patients with CTO.
■ CORONARY CTO
Coronary CTO is defi ned as TIMI 0 fl ow for more than 3 months in an epicardial coronary artery. CTO 
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is not uncommon, seen on 30% of routine coronary angiograms. In the United States, attempt rates of PCI for CTO remain low and have been static at around 12.4%, representing less than 5% of total PCI volume. 3 In addition, success rates of CTO PCI are disappointingly low at 59% compared with success rates of patent-vessel PCI at 96%. 3 The most frequently cited barriers to CTO PCI are incomplete evidence for efficacy and concerns about safety. Because of the ongoing controversy about the risks and benefi ts of CTO PCI, it remains a class IIa indication in current American and European practice guidelines. 4, 5 In addition, these procedures remain technically challenging, and thus variability in local expertise can infl uence the decision to manage patients medically or refer for CTO PCI.
Patients are often advised that CTO is benign. However, the myocardium affected by a CTO is ischemic. Collateral vessels do not provide adequate fl ow reserve. FFR data collected from CTOs that were successfully crossed and subsequently interrogated with a pressure wire prior to stenting show that the myocardium supplied by the reconstituted distal bed remains ischemic. This ischemic burden appears to be independent of the size and quality of collaterals. 6, 7 In addition, a moderate stenosis in a donor coronary artery supplying collateral vessels to a CTO may result in an ischemic FFR as a consequence of coronary "steal" from the donor artery to the collateral vessels. The ischemic FFR in the donor artery can be corrected by treating the recipient CTO vessel. 8 Similar to FFR, noninvasive assessment using myocardial perfusion imaging can defi ne ischemic burden and a threshold for benefi t of percutaneous vs medical management of CAD. Ischemia greater than 10% on myocardial perfusion imaging is associated with a high risk of major adverse cardiac events (MACE). 9 Similar fi ndings were noted in the Clinical Outcomes Utilizing Revascularization and Aggressive Drug Evaluation (COURAGE) trial nuclear substudy, which showed superior reduction in angina and MACE in patients with greater than 10% ischemia on myocardial perfusion imaging treated with PCI vs medical therapy. 10 In the case of coronary CTO, ischemia greater than 12.5% is predictive of signifi cant improvement in symptoms after intervention.
11
■ PROGNOSIS AND DISEASE BURDEN CTO is associated with adverse prognosis, implying the importance of incomplete revascularization. The Synergy Between Percutaneous Coronary Intervention With Taxus and Cardiac Surgery (SYNTAX) trial used a scoring system to direct surgical vs percutaneous revascularization strategies in patients with complex or multivessel CAD. A post hoc analysis of the SYNTAX trial showed that incomplete revascularization was associated with signifi cantly higher rates of 4-year mortality and MACE. 12 This was likely from the ischemic burden remaining from incomplete revascularization. The presence of CTO was the strongest independent predictor of incomplete revascularization in the SYNTAX PCI arm. Similarly, the negative prognostic impact of having a CTO has been observed in a large population of patients followed prospectively after undergoing coronary angiography. 13 Furthermore, the presence of CTO in a non-infarct-related artery at the time of ST-elevation myocardial infarction appears to be an independent predictor of death at 30 days, with a persistent negative prognostic impact lasting for up to 36 months of follow-up. 14 
■ CLINICAL BENEFITS OF CTO PCI
In patients with signifi cant ischemic burden, CTO PCI has multiple clinical benefi ts. Symptomatic relief based on the Seattle Angina Questionnaire appears to be similar to that obtained with coronary artery bypass grafting (CABG) at 1-month follow up. 15 Successful CTO PCI can have a positive impact on the risk of mortality in prospective 13 and retrospective observational studies. 16 CTO intervention may also have benefi cial effects on left ventricular systolic function in patients with viable myocardium in the corresponding coronary territory. 17 This improvement in systolic function appears to be sustained at 3 years of follow-up. 18 Meta-analysis of observational data in symptomatic and ischemic patients who underwent successful CTO PCI shows reduced rates of all-cause mortality and MACE and a reduced need for subsequent CABG. 19 This is in contrast to the frequently cited Occluded Artery Trial (OAT) trial, which showed no clinical benefi t of PCI for a subacutely occluded infarct-related artery. 20 An algorithimic approach to assessing the need for and the method of coronary revascularization is provided in Figure 2 .
■ EVIDENCE-BASED BENEFITS
Evidence of the merits of CTO PCI from randomized clinical trials is mixed. The only published study to date, the Evaluating Xience and Left Ventricular Function in Percutaneous Coronary Intervention on Occlusions After ST-Segment Elevation (EXPLORE) trial, showed no difference in left ventricular systolic function 4 months after ST-elevation myocardial infarction in patients undergoing staged CTO PCI of a non-infarct-related artery vs optimal medical ther-CHRONIC TOTAL OCCLUSION apy. 21 Two larger trials presented at scientifi c meetings in 2017 remain unpublished. One trial showed noninferiority of optimal medical therapy vs successful CTO PCI in reducing the composite end point of all-cause mortality, myocardial infarction, stroke, and repeat revascularization; the other trial showed signifi cant improvement in quality of life measures using the Seattle Angina Questionnaire score and Canadian Cardiovascular Society angina classifi cation in patients who underwent successful CTO PCI compared with medical management.
High-volume CTO PCI centers now report procedural success rates as high as 92.9% 22 and a correlation between the CTO PCI volume and CTO PCI success rates. 3 The dramatic improvement in success rates achieved by high-volume operators globally can be attributed to a combination of operator experience, improved technology, and widespread adoption of the hybrid algorithm, which has helped to improve effi ciency and standardize treatment in CTO PCI based on angiographic criteria. 23 CTO PCI remains a highly specialized procedure, unique from patentvessel PCI and with little correlation between total PCI volume and CTO PCI success rate. Despite recent advances, CTO PCI success remains heavily dependent on operator expertises, with a steep and long learning curve. In addition, the unique technical aspects of CTO PCI such as a retrograde and subintimal guidewire tracking that have accelerated procedural success are associated with higher rates of MACE compared with traditional antegrade and intraluminal guidewire tracking. 24, 25 Therefore, CTO PCI requires unique considerations beyond standard PCI in terms of potential complications. Uncommon but potentially life-threatening complications such as donor artery thrombosis, collateral vessel trauma, gear entrapment, and radiation skin injury demand a specialized informed consent process for the patient. 26 In light of incomplete evidence based on extensive observational data and limited randomized clinical trials, the decision to refer patients for CTO PCI requires a comprehensive clinical evaluation. We know from data derived from patients with patent but stenotic coronary arteries that physiologically rather than angiographically driven decisions to revascularize can produce superior clinical results. There is an ischemic burden threshold beyond which revascular- An algorithmic approach to determining the need for and the method of coronary revascularization in patients with coronary chronic total occlusion (CTO). Coronary artery bypass grafting (CABG) is preferable to percutaneous coronary intervention (PCI) in patients with complex or multivessel disease, whereas PCI is a reasonable option in patients with anatomically simple or single-vessel disease. Deciding on the appropriate treatment requires consultation with a surgeon and an interventionalist experienced in CTO PCI. Dual-injection angiography may be required to determine the technical feasibility of CTO PCI.
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ization is superior to optimal medical therapy. In this context, we know that CTO is not benign and is associated with ischemic burden. Consequently, patients with symptoms related to CTO represent a subset of patients with incomplete revascularization.
■ CONCLUSION Despite recent advances, CTO PCI procedures remain technically demanding, and success with a low complication rate is heavily dependent on operator expertise. Therefore, CTO PCI should be used judiciously in patients with angina refractory to optimal medical therapy. It is an important tool to be used in conjunction with non-CTO PCI, CABG, and optimal medical therapy to produce favorable outcomes in patients with CAD.
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